Oocytes from aging ovaries contain mitochondria with morphological and genetic flaws. How these flaws relate to phenotypes of oocyte developmental compromise associated with clinical infertility is not well understood. This study was conducted to investigate the role of mitochondria in the developmental compromises observed with female aging using a mouse model of mitochondrial dysfunction. Oocytes obtained from aging (30-40 wk) (C57BL/6J ؋ CBACaH)F1 (B6CBAF1) hybrid female mice were photosensitized with mitochondrial fluorophore rhodamine-123 for variable durations and compared to similarly treated oocytes derived from pubertal mice (4-6 wk). Blastocyst development of normally fertilized oocytes from both agegroups correlated negatively in mathematically unique profiles with irradiation time, with a more sudden decline in development for oocytes from aging mice. Complete inhibition of blastocyst development occurred following a shorter duration of photosensitization for oocytes from aging compared to pubertal animals (60 vs. 90 sec). Prolonged photosensitization resulted in mitochondrial uncoupling and promoted localized generation of reactive oxygen species, mitochondrial permeabilization, and apoptotic phenotypes. Thus, aging oocytes are more developmentally sensitive to mitochondrial damage than pubertal oocytes but undergo similar metabolic and apoptotic responses. These and future findings may encourage further optimization of laboratory-based strategies to minimize mitochondrial injury to oocytes, particularly those from older women, and improve clinical outcomes for women with age-related etiologies of infertility.
INTRODUCTION
Mitochondrial pathophysiology is a characteristic cytoplasmic marker of the complex degenerative processes of aging in many cell types, particularly in metabolically active cells such as those of the heart and central nervous system [1] . Metabolic dysfunction in mitochondria can result in oxidative damage of cytoplasmic and nuclear structures as well as an increased likelihood of apoptotic and necrotic degeneration [2] . Progressive age-related degenerative processes such as telomere attrition have also been 1 linked to mitochondrial dysfunction [3] . At present, the extent to which ooplasmic mitochondrial dysfunction influences age-related declines in oocyte developmental competence, a common and often unexplained observation in women undergoing IVF treatment for clinical infertility, remains a relatively unresolved issue [4] [5] [6] [7] [8] .
Human oocytes and early embryos from aging, clinically infertile women contain mitochondria with ultrastructural features similar to those of senescing or degenerating somatic cells including vacuolation, swelling, and mineral deposition [9, 10] . Sundstrom and colleagues [11] reported an age-related increase in the appearance of small ooplasmic mitochondrion-vesicle complexes that could be interpreted as an indication of mitochondrial degradation or autophagy.
Müller-Hocker and colleagues [12] measured a significant increase in the mitochondrial surface area and volume fraction in oocytes derived from older women compared with a younger age-group, indicating that number or size of ooplasmic mitochondria potentially increases with age. Such an increase may reflect mitochondrial swelling as observed in apoptotic somatic cells [13] or a reduced rate of mitochondrial degradation [14] .
A progressive decline in mitochondrial charge represents a functional alteration that has been reported relative to decreasing embryo cell number and increasing female age [15] . Decreased mitochondrial charge may result in metabolic defects, such as mitochondrial proton or electron leakage, that increase progressively with age in somatic cells [1, 16, 17] and can lead to increased peroxidative damage. Furthermore, levels of oocyte ATP have been shown to correlate with pre-and postimplantation developmental outcomes [18] , and so developmental delay has been speculated to result from metabolic energy deficits. Decreased mitochondrial charge has also been linked to increased levels of genetic mosaicism in human blastocysts [19] . In addition, human ooplasmic mitochondria have been reported to possess higher levels of mitochondrial DNA (mtDNA) point mutations and rearrangements with advancing female age [20] . Such genetic defects have been thought to have a more delayed pathological significance in the developing fetus as mitochondria undergo maturation and active replication as tissues differentiate.
Previous attempts to understand the influence of somatic age on oocyte developmental competence have involved the use of rodent oocytes that have undergone prolonged retention within the ovary, oviduct, or in vitro environment [21] . These so-called pre-or postovulatory aging oocytes have been attributed with cellular and biochemical traits that parallel those of oocytes from aging animals. Mouse oocytes aging in vitro contain decreased levels of ATP [22] perhaps because of acquired mitochondrial dysfunction or excessive energy expenditure. In vitro aging oocytes also have a reduced ability to initiate development because of deficient calcium signaling [23, 24] , an important ooplas-mic mechanism recently shown to require the direct involvement of oocyte mitochondria [25] .
Other models, such as the senescence-accelerated mouse (SAM), are perhaps more clinically relevant to systemic aging processes. SAM mice exhibit artificially induced reductions in life expectancy and systemic mitochondrial dysfunction. The same strain also exhibits reduced reproductive capacity that may be associated with intrinsic ooplasmic defects, such as chromosomal misalignment in the meiotic spindle [26] [27] [28] . To date, naturally aging animals, including rodents, remain important models for the investigation of age-related links between naturally occurring declines in reproductive capacity and impaired viability of the oocyte. Although readily amenable to research, these models remain imperfect for drawing parallels to oocyte-related etiologies of infertility in aging women. In the laboratory mouse, for example, complicating factors include strainspecific differences in ovarian follicle pool size [29] and age of onset of reproductive senescence as well as the potential influence of intrinsic ovarian aging [30] . The firstgeneration hybrids (F 1 ) of inbred mouse strains have traditionally been used to study early embryo developmental competence in vitro [31] [32] [33] and as a bioassay system for clinical IVF [34] . The popularity of hybrids in this context has been attributed not only to their physical hardiness but also to their responsiveness to ovulation induction and the resistance of preimplantation embryos derived from superovulated oocytes to undergo developmental arrest in vitro compared to the founder strains [35] . Although exhibiting increased longevity and a slower decline in breeding performance relative to its inbred founders, variants of the (C57BL/6J ϫ CBA/CaH)F1 (B6CBAF1) strain have recently been demonstrated with an age-related decrease in ovulation numbers as well as increased incidence of morphological and chromosomal abnormalities in oocytes from stimulated females [36] . Interestingly, these abnormalities coincided with a threefold increase in the proportion of normal MII oocytes with abnormal mitochondrial clusters occurring between 12 and 40 wk of age. This mitochondrial abnormality was also pronounced in oocytes that had undergone prolonged in vitro aging [36] .
In the present study, the B6CBAF1 mouse strain was therefore used to investigate the role of mitochondria in embryonic developmental compromises observed with increasing female aging. The same strain was used previously to optimize a method of photosensitization of the preloaded mitochondrion specific fluorescent probe rhodamine-123 (R123) to induce mitochondrial injury in living oocytes before insemination [37] . Blastocyst development, zygotic metabolic function, and apoptotic phenotype were subsequently assessed after the same treatment was applied to oocytes derived from pubertal (4-6 wk) and aging (30-40 wk) female mice.
MATERIALS AND METHODS

Animals
In all experiments, B6CBAF1 hybrid mice were used. Mice were housed in an environmentally controlled room at 22-24ЊC with a 12L:12D photoperiod with food and water available ad libitum. For oocyte harvest, 4-6-wk (pubertal) female and 30-40-wk (aging) mice were superovulated by i.p. injection of 5 IU eCG (Folligon; Intervet, Bendigo East, VIC, Australia) followed approximately 48 h later with an i.p. injection of 5 IU hCG (Chorulon; Intervet). Pubertal animals at the specified age were used to maximize the yield of oocytes in response to hormone stimulation, as previously recommended [38] . For in vitro insemination of oocytes, mature sperm were isolated from whole epididymes of sexually mature (10-12 wk) male mice. Both female and male mice were killed by cervical dislocation before gamete removal. For simplicity of reference, oocytes from pubertal and aging animals are henceforth referred to as pubertal or aging oocytes. Oocyte collection, sperm preparation, and in vitro fertilization were performed as described by Lacham-Kaplan and colleagues [39] . Normally fertilized zygotes were then cultured for 96 h to the blastocyst stage in a humidified atmosphere of 5% CO 2 at 37ЊC in a thermostat-controlled incubator. Zygotes were cultured in groups of 10 in 20-l droplets of bicarbonate buffered potassium modified simplex-optimized medium with amino acids (KSOMaa) [40] supplemented with 1 mg/ml bovine serum albumin (BSA) (Invitrogen, Carlsbad, CA) in a sterile plastic Petri dish (Becton-Dickinson, Franklin Lakes, NJ) overlaid with mineral oil (SigmaAldrich, St. Louis, MO). Embryos were cultured in three replicate experimental groups of at least 30 zygotes, and blastocyst formation was expressed as a percentage of normally fertilized oocytes. Inseminated oocytes from pubertal females were cultured alongside those from aging females.
Ethics of Experimentation
Photosensitization of Oocytes Using Fluorescence Microscopy
Isolated and denuded oocytes were photosensitized using the mitochondrion-specific fluorophore rhodamine 123 (R123, 25 g/ml; Molecular Probes, Eugene, OR) prepared from a stock solution of 100 mg/ml R123 in dimethyl sulfoxide (DMSO; Sigma Aldrich) as described previously [37] . Pubertal and aging test oocytes were irradiated for periods of 0, 20, 40, 60, or 90 sec before insemination. Control oocytes from the same batch of mice were allocated to one of three groups: 1) not loaded with R123 and irradiated for the maximal time period (''Light''), 2) incubated in R123 vehicle DMSO for 15 min before insemination but not loaded or irradiated (''Vehicle''), or 3) not loaded or irradiated (''No treatment''). ''Maximal'' photosensitization treatment was defined as the duration for which blastocyst development was decreased by at least 80%; hence, an extended time point of 90 sec for loaded pubertal oocytes was adopted as the maximal exposure duration for this age-group.
Laser-Scanning Confocal Microscopic Determination of Mitochondrial Membrane Potential (⌬)
Assessment of mitochondrial ⌬ was performed by ratiometric quantitation of 5,5Ј,6,6Ј-tetrachloro-1,1,3,3Ј-tetraethylbenzimdazoylcarbocyanine iodide (JC-1) red to green fluorescence levels using laser-scanning confocal microscopy (LSCM), as described previously [37] . Briefly, a test group of at least 20 zygotes formed from R123 loaded oocytes that were irradiated for 60 sec (for aging oocytes) or 90 sec (for pubertal oocytes) was assessed and compared to a similar-sized control group of zygotes from the same age-groups that had fertilized normally from R123 loaded, nonirradiated oocytes. LSCM was also used to capture equatorial sections of zygotes derived from loaded (irradiated or nonirradiated) oocytes for a qualitative visual assessment of oocyte cytoplasmic distribution of R123 (520-nm emission).
Fluorimetric Assessment of Zygote Metabolism and Apoptosis
Quantitative detection of autofluorescence at 340-nm excitation (UV light) was performed using microfluorimetry as described previously for whole zygotes as an indicator of cytoplasmic NADH-NADPH content [37] . Similar test and control groups of zygotes as described for determination of ⌬ quantitation were selected. Absolute values of autofluorescence intensity were expressed in arbitrary values on a scale of 0-850. All values were corrected for background fluorescence and internal reflectance. Cytoplasmic ATP content was also determined microfluorometri- cally, using the luciferin-luciferase reaction as described previously [37] . Test and control groups for ATP quantitation were also similar to those described for ⌬ quantitation, although sample numbers represent pooled batches of 10 zygotes.
Photosensitization has been reported to result in transient, specific production of the highly reactive oxygen intermediate singlet oxygen [41] , which is also related to local variations in cytoplasmic oxidation-reduction (REDOX) status by direct reaction with electron carriers such as NADH and NADPH [42, 43] . Singlet oxygen levels in zygotes were therefore quantitated as an indicator of the ability of mitochondria to support the generation of reactive oxygen intermediates in response to photosensitization. Zygotes derived from test and control groups were stained for 15 min in a warmed solution of 20 g/ml trans-methoxy (1,2-vinyl) pyrene (TMVP) (Molecular Probes) dissolved in Hepes KSOMaa. Zygotes were rinsed twice in the same medium and then analyzed singly using microfluorimetry. Probe emission after 0.5-sec excitations using 340 nm (UV) light resulted in blue fluorescence ranging from 420 to 460 nm that was measured in a similar manner to that described for autofluorescence detection. Chromatin and plasma membrane integrity were assessed using the fluorophore propidium iodide. Detection of activation of the apoptosis effector enzyme caspase-3 was performed using an immunofluorescent antibody protocol as described previously [37] .
Statistical Analysis
The mean proportion of zygotes developing to blastocyst by 96 h in vitro was calculated for test and control treatments and exponentially transformed for comparison using ANOVA. Mean values for metabolic endpoint measures between age-groups were compared using Student t-test. Differences between means were considered biologically significant at a P-value of less than 0.05.
RESULTS
Blastocyst Development after Photosensitization of Pubertal and Aging Oocytes
Blastocyst development of normally fertilized zygotes derived from photosensitized oocytes was negatively affected by the duration of exposure in both age-groups. Of zygotes derived from aging oocytes, 52.7%, 46.8% and 7.1% formed blastocysts at each of the photosensitization exposure times of 20, 40, and 60 sec, respectively (Fig.  1A) . The blastocyst formation rates for oocytes of all durations (20-60 sec) were significantly lower (P Ͻ 0.05) than for loaded and nonirradiated aging oocytes (0 sec; 67.9%) as well as ''light'' (74.5%), ''vehicle'' (78.3%), and ''no treatment'' (76.5%) control values.
Zygote-to-blastocyst development of photosensitized oocytes from pubertal females was similar to previously reported observations [37] . Of zygotes derived from treated oocytes, 68%, 41%, 22%, and 0% developed to blastocyst for exposure times of 20, 40, 60, and 90 sec, respectively (Fig. 1B) . These blastocyst formation rates were significantly lower (P Ͻ 0.01) than for pubertal oocytes that were loaded and nonirradiated (0 sec; 82%) as well as ''light'' (80%), ''vehicle'' (74%), and ''no treatment'' (78%) control values.
Blastocyst development of photosensitized pubertal and aging oocytes correlated with photosensitization duration (R 2 ϭ 1) according to the third-order polynomial relationships y ϭ Ϫ0.0009x 3 ϩ 0.065x 2 Ϫ 1.6917x ϩ 68 and y ϭ 0.0002x 3 Ϫ 0.0191x 2 Ϫ 0.3994x ϩ 80.496, respectively, where x represents photosensitization time (min) and y represents the proportion of fertilized oocytes that developed to blastocyst (Fig. 2) . The trend for aging oocytes indicated that a minimum of 62 sec of photosensitization was required for complete inhibition of blastocyst development, whereas the minimum equivalent photosensitization period to inhibit blastocyst formation from pubertal oocytes was longer (90 sec).
Mitochondrial Metabolism in Zygotes after Photosensitization of Pubertal and Aging Oocytes
Microfluorimetric analysis revealed that zygotic pools of NADH-NADPH after loading and maximal irradiation of aging oocytes were lower (P Ͻ 0.05) than after loading without irradiation (88.6 Ϯ 1.4 vs. 98.9 Ϯ 2.2 arbitrary units), as were levels for pubertal oocytes (96.7 Ϯ 2.3 vs. 106 Ϯ 3.8 arbitrary units; P Ͻ 0.05; Table 1 ). Zygotes derived from loaded and maximally irradiated aging oocytes contained lower ATP levels (P Ͻ 0.05) than after loading without irradiation (0.60 Ϯ 0.13 vs. 1.15 Ϯ 0.13 pmol/zygote). Similarly, ATP levels in zygotes derived from loaded and maximally irradiated pubertal oocytes were lower (P Ͻ 0.05) than after loading without irradiation (0.62 Ϯ 0.13 vs. 1.46 Ϯ 0.12 pmol/zygote; Table 1 ).
Mitochondrial Membrane Permeability in Zygotes after Photosensitization of Pubertal and Aging Oocytes
Loading in the absence of photosensitization revealed a punctate staining pattern (Fig. 3A) similar to nontreated controls (results not shown). Maximal irradiation of loaded aging oocytes resulted in leakage of rhodamine-123 from the mitochondria into the ooplasm to produce a diffuse staining pattern (Fig. 3B) . This morphological evidence of a mitochondrial permeability transition was associated with the reductions observed in mitochondrial metabolic activity. Quantitative LSCM analysis of zygotes derived from maximally irradiated aging oocytes revealed a significantly lower ⌬ (Table 1 ) compared to loaded, nonirradiated control zygotes (1.19 Ϯ 0.02 vs. 1.29 Ϯ 0.02 arbitrary units; P Ͻ 0.05). A similar result was observed for zygotes derived from maximally irradiated oocytes from pubertal females compared to loaded, nonirradiated control zygotes (1.27 Ϯ 0.04 1.46 Ϯ 0.02 vs. arbitrary units; P Ͻ 0.05). In addition to decreases after treatment, zygotes from loaded, nonirradiated aging oocytes had a significantly lower ⌬ than pubertal oocytes (1.29 Ϯ 0.02 vs. 1.46 Ϯ 0.02 arbitrary units; P Ͻ 0.01).
Evidence of Oxidative Damage and Apoptosis in Zygotes Derived from Pubertal and Aging Photosensitized Oocytes
Regardless of oocyte age, developmental and metabolic changes after maximal photosensitization were associated with generation of reactive oxygen species, mitochondrial permeabilization, and apoptosis. Qualitatively, singlet oxygen fluorescence in zygotes derived from maximally photosensitized oocytes occupied discrete locations in the zygote cytoplasm (Fig. 3C ) even when zygotes showed no overt apoptotic morphology (Fig. 3D) . Levels of TMVP fluorescence in zygotes were higher after maximal photosensitization treatment of pubertal (610 Ϯ 24 vs. 495 Ϯ 14) and aging (603 Ϯ 18 vs. 522 Ϯ 21) oocytes compared to loaded nonirradiated controls (Table 1) .
Apoptotic progression after maximal photosensitization of aging oocytes was indicated by phenotypes of blebbing (Fig. 3E ) and vacuole formation (Fig. 3B) . Maximal photosensitization also led to plasma membrane permeabilization, resulting in the cytoplasmic uptake of propidium iodide that revealed densely compacted pronuclear chromatin (Fig. 3F) . Apoptosis was further evidenced by immunolocalization of the cleaved form of caspase-3 (Fig. 3, G and H) compared to the loaded nonirradiated control (Fig. 3I) as well as mitochondrial clumping in perinuclear regions in association with zygote ( Fig. 3J ) and two-cell embryo arrest (Fig. 3K ). An additional morphological feature unique to degenerating zygotes derived from maximally photosensitized aging oocytes was retraction of mitochondria away from the plasma membrane ( Fig. 3L) with evidence of an intact plasma membrane. Similar apoptotic phenotypes were observed for maximally photoesensitized pubertal oocytes (results not shown) . FIG. 3 . Microscopic evidence of mitochondrial damage in zygotes after prolonged photosensitization of aging oocytes. Images of mouse zygotes represent equatorial sections taken approximately 6-9 h after insemination by laser-scanning confocal microscopy, unless otherwise indicated. A) Zygote derived from an aging oocyte loaded with R123 but not irradiated. B) An arrest zygote derived from a loaded and maximally photosensitized aging oocyte. C) Fluorescence and (D) phase contrast microscopic images of a zygote derived from a maximally photosensitized aging oocyte stained with trans-methoxy (1,2-vinyl) pyrene. E) Phase contrast image of arrested zygote from B. F) The same zygote from B after staining with propidium iodide. G and H) Caspase-3 antibody staining of zygotes derived from two maximally photosensitized and (I) a loaded nonirradiated oocyte. J and K) Arrested syngamal zygote and two-cell embryo derived from maximally photosensitized oocytes. L) Degenerated zygote derived from an aging maximally photosensitized oocyte stained with JC-1. BL, Membrane bleb; CC, condensed chromatin; F, cytoplasmic fragment; P, pronucleus; V, vacuolation; ZP, zona pellucida. Bars ϭ 25 m.
Maximally photosensitized aging oocytes were pretreated with the mitochondrial permeability pore antagonist and antiapoptotic agent cyclosporin-A in a similar manner to pubertal oocytes as described previously [37] . However, cyclosporin-A pretreatment was not found to be beneficial for developmental competence or mitochondrial function of embryos derived from maximally photosensitized aging oocytes (results not shown) as was reported for pubertal oocytes [34] .
DISCUSSION
Photosensitization of oocytes from aging female mice led to a dosage-dependent reduction in developmental competence, similar to that observed for oocytes from pubertal female mice. Compared to pubertal oocytes, aging oocytes underwent developmental arrest sooner, with a more plateau-like profile. Zygote mitochondrial membrane potential and ATP levels were depressed after treatment, with control values exhibiting a significant age-related reduction compared to that observed for zygotes derived from pubertal oocytes. Zygote autofluorescence, indicative of REDOX potential, was also depressed after oocyte photosensitization treatment in both age-groups. Photosensitization also resulted in production of the reactive oxygen intermediate singlet oxygen, a likely trigger for the observed apoptotic phenotypes. Cyclosporin-A treatment was, however, ineffective in ameliorating this apoptotic progression in photosensitized oocytes from aging females.
The age-related decline in zygote mitochondrial membrane potential that was observed without photosensitization is in agreement with a previously reported trend for human preimplantation embryos from aging infertile women [15] and aging somatic cells [44] . Similarly, the observed age-related decrease in zygotic ATP levels, while related to the reduced mitochondrial membrane potential, is also relevant to the observation that human oocytes with decreased ATP content are likely to have a compromised developmental outcome [18] . Regardless of the starting basal levels, maximal photosensitization of mouse oocytes from both age-groups after loading with rhodamine-123 led to a significant decrease in zygotic ATP content and mitochondrial membrane potential. Similarly, a decrease in zygote NADH/NADPH levels was seen, suggesting a continued consumption of REDOX substrates separate from ATP generation and hence mitochondrial uncoupling as described previously [37] . Since the ATP content and mitochondrial membrane potential of aging oocytes were lower relative to pubertal oocytes before photosensitization and further lowered by injury, an age-related mitochondrial energy deficiency may explain the faster developmental arrest in response to photosensitization observed for oocytes from this group. A compensatory generation of ATP from alternative sources, such as from exhaustible cytoplasmic reserves, may further explain the rather precipitous decline in development compared to pubertal oocytes following injury. An age-related increase in subpopulations of mitochondria with pathological function may also lead to a developmental profile with a pronounced threshold of demise, as described for several somatic cell types [45] .
Prior to the sharp decline in blastocyst development for photosensitized oocytes from aging mice, blastocyst development was apparently at a plateau. In this case, it is possible that age-related decreases in mitochondrial membrane potential are responsible for a decrease in the mitochondrial uptake of rhodamine-123. This may result in a weaker localized toxicity response to photosensitization and a flattening of the curve relative to younger oocytes until an absolute threshold was reached. Second, amelioration of this phototoxic effect may result from a nonuniform spatial and temporal response of individual mitochondria to injury, as observed for cultured neural cells after photosensitization [46] .
Third, a cytoplasmic up-regulation of survival factors in response to altered REDOX status [47] after mitochondrial injury may more readily occur with age and contribute to the attenuation of blastocyst development. A fourth, more delayed contributing factor may be the beneficial effect of partial uncoupling on later stages of development, as observed for chemically treated bovine morulae, suggested to be due to compensatory ATP generation from glycolysis [48] . Aging oocytes with marginally increased mitochondrial uncoupling in association with decreased membrane potential, similar to aging somatic cells [16] , could therefore be somewhat protective against developmental arrest at sublethal photosensitization doses.
Gradual age-related inefficiencies in mitochondrial metabolism in somatic cells are also associated with gradual increases in generation of reactive oxygen species because of inefficient decomposition of oxygen [49] . The increased production of singlet oxygen in zygotes after maximal photosensitization of oocytes confirms that mitochondria are likely inducers of oxidative damage, although this increase was not age related, nor did aging oocytes have a higher threshold level of singlet oxygen before injury. In any case, the observation does not rule out the possible up-regulation of other reactive oxygen species [7, 50, 51] or down-regulation of antioxidant defense systems [52] with female age. So it remains likely that singlet oxygen is a key factor responsible for morphological phenotypes of mitochondrial permeabilization [43] and apoptotic progression [41] in zygotes in response to photosensitization. This observation confirms that oocyte and early embryo mitochondria maintain an inherent susceptibility for oxidative damage that triggers cellular demise. Intriguingly, the antiapoptotic agent cyclosporin-A, which acts by blocking mitochondrial permeability transition pores, was not effective in protecting maximally photosensitized oocytes from cell death. This was contrary to a previous observation for pubertal oocytes [37] and may represent an age-related insensitivity to the agent, a relative down-regulation of the blocked pore protein cyclophilin-D, a relative up-regulation of anti-apoptotic factors, or a less efficient active uptake of the agent into mitochondria.
Though not addressed in the present study, the role of intracellular calcium signaling and storage is an important regulatory factor that conceptually links mitochondrial metabolism, oocyte activation, cell cycle progression, respiratory control of early embryo development [25] , apoptosis, and underlying age-related dysfunction [24] . For example, mitochondria from aging cells have a reduced capacity to accumulate and sequester calcium, resulting in elevated cytoplasmic levels and increased risk of mitochondrial calcium overload [53] . Sudden release or overload of calcium beyond ''safe'' threshold limits [54] in aging oocytes in response to photosensitization may thus trigger apoptosis rather than signal the onset of development and transient up-regulation of respiration [24, 55] . This may help explain the increased susceptibility and more sudden demise of development in aging oocytes after prolonged photosensitization.
The effects of aging on physical and biochemical interactions between mitochondria and other important ooplasmic organelles also merit further investigation. This concept arises in light of the potentially important observation that maximally photosensitization of an aging oocyte led to mitochondrial clustering in the resultant arrested two-cell embryo, a critical developmental stage when zygotic gene transcriptions begins to increase [56] . Mitochondrial condensation of an atypical nature has been observed in oocytes from aging B6CBAF1 mice and has been interpreted as evidence of apoptosis [36] . Similar atypical mitochondrial condensations have been observed in early mouse embryos that spontaneously arrested in vitro [57] and in arrested mouse embryos with disturbed microfilament distributions [58] . Conversely, disturbance of microfilament organization by chemical inhibition has been reported to interfere with perinuclear mitochondrial patterning in mouse zygotes [59] . Ooplasmic cytoskeletal modification is a dynamic, cell cycle-and ATP-dependent process [60] that is potentially compromised in aging oocytes [61] . Thus, oocyte developmental compromise induced by mitochondrial injury may be enhanced in the presence of other agerelated ooplasmic defects. This enhancement may help explain the age-related sensitivity to developmental arrest after maximal photosensitization as well as insensitivity to pore antagonism by cyclosporin A.
In summary, the present study confirms that mitochondria maintain an important role in the maintenance of oocyte developmental competence with age via metabolic regulation of energy production and apoptosis. Subtle age-related declines in mitochondrial energy generation may contribute to a lowering and sensitizing of a developmental ''threshold'' that may be further perturbed by absence of sufficient antiapoptotic and antioxidant defense mechanisms. Further investigations of mitochondrial function in human oocytes are required, particularly in regard to agerelated alterations in mitochondrial gene expression and protein expression that ultimately regulate physiological processes. Particular focus should be paid to the specific biological effects of clinical and laboratory interventions such as ovarian stimulation and in vitro manipulation and culture to reduce the potential for mitochondrial insult. The photosensitized oocyte from aging mice may thus be a suitable model for optimization of in vitro conditions toward prevention of the compromised preimplantation embryo development in aging populations of infertile women. Furthermore, the model may assist in improving the efficacy of clinical laboratory interventions aimed at preventing mitochondrial defects, such as autologous mitochondrial transfer [62] .
